Introduction
============

Glioma is the most prevalent and fatal primary tumor of the central nervous system (CNS) in adults, accounting for 80% of all primary CNS tumors, with an annual incidence of \~6 cases/100,000 people in the United States ([@b1-ijo-53-03-0973]). The poor outcomes for glioma patients primarily result from the malignant biological characteristics of glioma cells, including highly aggressive proliferative and invasive abilities ([@b1-ijo-53-03-0973],[@b2-ijo-53-03-0973]). While persistent efforts to investigate glioma molecular oncology have achieved accumulating progress, the detailed mechanisms remain to be elucidated. Developing effective treatment therapies against specific molecular targets in human glioma remain a significant challenge ([@b3-ijo-53-03-0973]--[@b5-ijo-53-03-0973]).

The nucleotide-binding domain leucine-rich family pyrin-containing 3 (NLRP3) inflammasome consists of the scaffold protein NLRP3, the adaptor protein apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC) and caspase-1 ([@b6-ijo-53-03-0973],[@b7-ijo-53-03-0973]). Upon activation by endogenous pathogen-and damage-associated molecular pattern molecules or exogenous irritants, the NLRP3 inflammasome is assembled, and acts as a platform for the maturation of the proinflammatory cytokines, including interleukin (IL)-1β and IL-18 ([@b7-ijo-53-03-0973]--[@b9-ijo-53-03-0973]). Subsequently this allows proinflammatory cytokine secretion, which promotes inflammation and immunity ([@b7-ijo-53-03-0973]--[@b9-ijo-53-03-0973]). The activation mechanism and function of the NLRP3 inflammasome during immuno-inflammatory responses have been widely investigated. However, accumulating studies have demonstrated that the NLRP3 inflammasome is associated with cancer progression ([@b10-ijo-53-03-0973]--[@b15-ijo-53-03-0973]). Notably, certain studies reported that NLRP3 functions in an unidentified inflammasome-independent manner, whereby NLRP3 may serve independently of the production of bioactive cleaved-caspase-1 and mature IL-1β ([@b16-ijo-53-03-0973],[@b17-ijo-53-03-0973]). However, the in depth role of NLRP3 in glioma has not been well clarified.

In order to investigate the biological role of NLRP3 in glioma, the expression levels of NLRP3, as well as ASC, caspase-1 and IL-1β protein in glioma tissues were analyzed using immunohistochemical staining. Subsequently, an NLRP3-specific small interfering RNA (si-NLRP3) was constructed to deplete NLRP3 expression levels, and a plasmid system \[pIRES2-enhanced green fluorescent protein (EGFP)-NLRP3\] was produced for upregulating NLRP3 protein in human glioma cell lines, SHG44 and A172. In order to determine the effects of NLRP3 on malignant cellular behaviors, *in vitro* biological function experiments and western blot assays were performed to determine alterations to epithelial-mesenchymal transition (EMT) components, and its potential molecular mechanism in the phosphatase and tensin homolog (PTEN)/AKT serine/threonine kinase (AKT) signaling pathway, providing a novel insight into the contributions of NLRP3 to human glioma malignancy.

Materials and methods
=====================

Human glioma tissue samples
---------------------------

A total of 39 human glioma tissues samples were obtained from patients who underwent surgery at Nanfang Hospital, Southern Medical University (Guangzhou, China) between October 2014 and October 2015. Written informed consent was obtained from all enrolled patients. The present study was approved by the Ethics Committee of Nanfang Hospital, Southern Medical University and was performed in accordance with The Declaration of Helsinki. The age of the patients (24 male and 15 female) ranged between 11 and 80 years, with a mean age of 42±11 years. All specimens had been confirmed pathological diagnosis and classified according to the 2007 World Health Organization (WHO) classification criteria ([@b18-ijo-53-03-0973]).

Immunohistochemical staining
----------------------------

The glioma specimens were fixed with 10% formalin at room temperature for 24 h and paraffin-embedded, and sectioned into 4-*µ*m thick slices that were mounted onto microscope slides. Then, the slides were deparaffinized with xylene three times and rehydrated in a descending ethanol series (100, 95, 90, 80, 70%). Antigen retrieval was performed by heating the samples for 15 min at 95°C in citrate buffer (pH 6.0), samples were then cooled at room temperature for 30 min. The endogenous peroxidase activity was eliminated by 3% hydrogen peroxide in distilled water for 10 min at room temperature, then the slides were blocked by incubation with protein blocking solution (Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) at room temperature for 30 min. Subsequently, primary antibodies against NLRP3 (cat. no. ABF23; Merck KGaA, Darmstadt, Germany; 1:200; rabbit Ab), ASC (cat. no. ab128097; Abcam, Cambridge, MA, USA; 1:100; mouse mAb), caspase-1 (cat. no. 2225; Cell Signaling Technology, Inc., Danvers, MA, USA; 1:100; rabbit Ab), IL-1β (cat. no. 12242; Cell Signaling Technology, Inc.; 1:100; mouse mAb) were applied overnight at 4°C. Following washing with PBS, Universal prediluted secondary antibody from the Vecstain™ ABC kit (cat. no. PK-6200; Vector Laboratories, Inc., Burlingame, CA, USA) was applied for 30 min at room temperature followed by washing with PBS. Then, the slides were incubated with the Vecstain ABC reagent for 30 min at room temperature, washed with PBS and then stained with 3,3′-diaminobenzidine using immunoperoxidase staining procedure (cat. no. SK-4105; Vector Laboratories, Inc.) according to the manufacturer\'s protocol. The sections were counterstained with hematoxylin solution (cat. no. C0107; Beyotime Institute of Technology, Haimen, China) according to the manufacturer\'s protocol. Images of the sliders were captured under a light microscope at ×100 magnification.

Cell culture and transient transfection
---------------------------------------

Human glioma SHG44 and A172 cell lines, purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), were cultured at 37°C with 5% CO~2~ in Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.). Glioma cells were divided into five groups: Untransfected, si-negative control (NC), si-NLRP3, pIRES2-EGFP and pIRES2-EGFP-NLRP3 groups. To reduce endogenous NLRP3 expression, glioma cells of 70--80% confluence were transfected with 1 *µ*g/well NLRP3-specific si-NLRP3 (cat. no. siB1261155342; sequence, 5′-GGTGTTGGAATTAGACAAC-3′) or si-NC (cat. no. siN05815122147; sequence, 5′-AAGCCUCGAAAUAUCUCCU-3′) (Guangzhou RiboBio Co., Ltd., Guangzhou, China) dissolved in a transfection medium mixture of Opti-MEM (Gibco; Thermo Fisher Scientific, Inc.) and Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) at a working concentration of 50 nM according to the manufacturer\'s protocol. In parallel, for overexpression of NLRP3 in glioma cells, transfection with plasmid vectors pIRES2-EGFP-NLRP3 or the negative control pIRES2-EGFP \[2 *µ*g/well; both from Obio Technology (Shanghai) Corporation, Ltd., Shanghai, China\] was performed according to the manufacturer\'s protocol. The untransfected group was only cultured with a transfection medium mixture of Opti-MEM and Lipofectamine 3000. After 6 h of transfection, the transfection medium was replaced and cells were cultured for another 24 h in DMEM with 10% FBS. The pIRES2-EGFP-NLRP3 groups were imaged at ×100 magnification using an inverted phase contrast fluorescent microscope to assess GFP fluorescence. For confirmation of NLRP3 knockdown or overexpression efficiency, the cells were harvested and analyzed for NLRP3 protein expression using western blotting. The transfected glioma cells were subjected for *in vitro* functional experiments or western blot analysis experiments detecting molecular markers as described below.

Western blot analysis
---------------------

Cells were extracted using ice-cold radio immunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). Protein concentration in the cell lysate was determined using a bicinchoninic acid assay (Beyotime Institute of Biotechnology). A total of 50 *µ*g protein/lane were loaded and separated using 10% SDS-PAGE, then transferred to polyvinylidene fluoride membranes (Merck KGaA), and blocked in PBS/Tween-20 containing 5% bovine serum albumin (EMD Millipore, Billerica, MA, USA) for 2 h at room temperature. Subsequently, the membranes were incubated overnight at 4°C with primary antibodies against the following: NLRP3 (cat. no. ABF23; Sigma-Aldrich; Merck KGaA; 1:2,000; rabbit Ab), ASC (cat. no. ab128097; Abcam; 1:500; mouse mAb), caspase-1 (cat. no. 2225; 1:1,000; rabbit Ab), IL-1β (cat. no. 12242; 1:1,000; mouse mAb), E-cadherin (cat. no. 3195), zonula occluden-1 (ZO-1) (cat. no. 8193), claudin-1 (cat. no. 13255), vimentin (cat. no. 5741), N-cadherin (cat. no. 13116), Snail-1 (cat. no. 3879), AKT (cat. no. 4691), phosphorylated (p)-AKT (Ser473) (cat. no. 4060), p-AKT (Thr308) (cat. no. 13038), glycogen synthase kinase-3β (GSK-3β) (cat. no. 12456), p-GSK-3β (Ser9) (cat. no. 5558), p-PTEN (Ser380) (cat. no. 9551), PTEN (cat. no. 9188) and β-actin (cat. no. 8457) (all from Cell Signaling Technology, Inc.; 1:1,000; rabbit Ab). The membranes were then incubated with the goat anti-rabbit or goat anti-mouse IgG/horseradish peroxidase-conjugated secondary antibody (anti-rabbit cat. no. bs-0295G-hrp; anti-mouse cat. no. bs-0296G-hrp; both 1:5,000; BIOSS, Beijing, China) for 1 h at room temperature. To visualize protein bands, ECL system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used. The intensity of protein bands was analyzed using ImageJ version 1.6.0 software (National Institutes of Health, Bethesda, MD, USA) and normalized by β-actin.

Colony formation assay
----------------------

Glioma cells were seeded in 6-well plates at 100 cells/well. Two weeks later, cell colonies were fixed with 4% paraformaldehyde for 30 min at room temperature and stained with 0.1% crystal violet for 30 min at room temperature. The numbers of colonies with \>50 cells were counted under a light microscope and the images were captured using a digital camera.

Cell counting kit (CCK)-8 assay
-------------------------------

Cell viability was detected using a Cell Counting kit-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). The glioma cells were seeded into 96-well plates (2×10^3^ cells/200 *µ*l/well) and cultured at 37°C, and 10 *µ*l CCK-8 solution was added at 8, 24, 48 and 72 h. Following incubation for 2 h, the absorbance at 450 nm was measured.

5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assay
--------------------------------------------------------

Cell proliferation rates were measured using an EdU cell proliferation assay kit (cat. no. C10310; Guangzhou RiboBio Co., Ltd.) according to the manufacturer\'s protocol. Briefly, glioma cells (2×10^4^ cells/well) were cultured in 24-well plates for 24 h. Then, 10 *µ*M of EdU and Apollo 643 staining for red fluorescence was added to each well, and the cells were cultured for an additional 2 h. Next, the cells were fixed with 4% formaldehyde for 30 min at room temperature. Subsequently, the cells were stained with Hoechst 33342 for 30 min at room temperature, and visualized in blue fluorescence using a fluorescent microscope at ×100 and ×200 magnifications. The proliferating cells (EdU-positive cells in red) and total cells (Hoechst 33342-positive cells in blue) were counted using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Bethesda, MD, USA). The ratio of EdU positive cells to total Hoechst 33342 positive cells was used as cell proliferation rate.

Quantification of cell apoptosis using flow cytometric assays
-------------------------------------------------------------

Cells were harvested and stained using the Annexin V-APC/7-AAD kit (BD Biosciences, San Jose, CA, USA) for quantification of cell apoptosis according to the manufacturer\'s protocol. Cell detection and data analysis were performed on a fluorescent activated cell sorting caliber flow cytometer (FACScan; BD Biosciences) with CellQuest Pro software (version 5.1; BD Biosciences).

Wound healing assay
-------------------

For the wound healing assays, 2×10^5^ glioma cells were seeded on 6-well plates and cultured to 90% confluence. The confluent cell monolayer was scratched with a sterile pipette tip. The suspended cells were washed with non-serum DMEM. The rate of wound closure was monitored by measuring the ratio of the distance of the wound at 0 h and 24 h under an inverted microscope with a digital camera in five fields of view at ×100 magnification and quantified using Adobe Photoshop (version 7.0; Adobe Systems, Inc., San Jose, CA, USA). Each experiment was performed in triplicate.

Cell migration and invasion assays
----------------------------------

Cell migration and invasion assays were performed using 24-well Transwell chambers with 8-*µ*m pore size polycarbonate membrane (Corning, Cambridge, MA, USA). The transfected cells were cultured for 48 h and then 5×10^4^ cells were seeded on the top side of the membrane without Matrigel for the cell migration assay or pre-coated with Matrigel (BD Biosciences) for the cell invasion assay. A total of 500 *µ*l DMEM containing 20% FBS was added to the lower chambers. Following incubation in 12 h for the migration assay or 48 h for the invasion assay, cells inside the upper chamber were removed with cottons swabs. Migrated and invaded glioma cells attached to the lower membrane surface were fixed with 75% methanol for 30 min at room temperature, and then stained for 30 min with crystal violet at room temperature. Five random fields of view at ×100 magnification were counted in each well under a light microscope and expressed as the mean number of migrated or invaded cells. Three independent assays were performed.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation. Statistical analyses were performed with SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA). Spearman\'s correlation coefficient was used to assess the correlation between protein expression levels and glioma WHO grades. Student\'s t-tests were used to compare data variances between two groups, and one-way analysis of variance with the Dunnett\'s post hoc test was used to compare difference among multiple groups. P\<0.05 (two-tailed) was considered to indicate a statistically significant difference.

Results
=======

High expression levels of NLRP3, ASC, caspase-1 and IL-1β are correlated with glioma WHO grade
----------------------------------------------------------------------------------------------

NLRP3, ASC, caspase-1 and IL-1β protein compose the NLRP3 inflammasome. Immunohistochemical detection of human glioma tissue sections revealed that NLRP3, ASC, caspase-1 and IL-1β protein expression levels were all upregulated in high-grade glioma (WHO III and IV) tissue samples compared with in low-grade glioma (WHO I and II) tissue, as presented in [Fig. 1A](#f1-ijo-53-03-0973){ref-type="fig"}. Statistical analysis confirmed significantly positive correlations between NLRP3, ASC, caspase-1 and IL-1β protein expression levels, and the histological grades of human glioma ([Fig. 1B](#f1-ijo-53-03-0973){ref-type="fig"}), indicating an important role for NLRP3 in glioma malignancy.

Verification of NLRP3 downregulation and overexpression efficiencies in glioma cells
------------------------------------------------------------------------------------

To evaluate the role of NLRP3 in the malignant biological properties of glioma, siRNA-NLRP3 and the plasmid vector pIRES2-EGFP-NLRP3 were constructed to downregulate and upregulate NLRP3 expression, respectively, in glioma cell lines SHG44 and A172. The plasmid vector pIRES2-EGFP-NLRP3 exhibited a transfection efficiency of \>80% in SHG44 and A172 glioma cells as indicated by GFP fluorescence ([Fig. 2A](#f2-ijo-53-03-0973){ref-type="fig"}). Western blot analysis verified a significant reduction in NLRP3 protein levels following the transfection of si-NLRP3 compared with si-NC ([Fig. 2B and C](#f2-ijo-53-03-0973){ref-type="fig"}). Furthermore, pIRES2-EGFP-NLRP3 transfection resulted in a significant increase in NLRP3 expression compared with the corresponding untransfected and pIRES2-EGFP control groups. These results confirmed the efficiency of si-NLRP3 and pIRES2-EGFP-NLRP3 for use in the NLRP3 downregulation or overexpression *in vitro* functional experiments in glioma cells.

Facilitative effects of NLRP3 on the proliferation of glioma cells
------------------------------------------------------------------

The effect of NLRP3 on cell proliferation was assessed using colony formation, CCK-8 and EdU assays. In glioma SHG44 and A172 cell lines, downregulation of NLRP3 significantly suppressed colony formation, whereas overexpression of NLRP3 using pIRES2-EGFP-NLRP3 significantly promoted colony formation compared with the corresponding untransfected and negative control groups ([Fig. 3A](#f3-ijo-53-03-0973){ref-type="fig"}). Then, the growth effects of NLRP3 on human glioma cell lines were evaluated using CCK-8 assays. The si-NLRP3 groups demonstrated a significant reduction in cell viability compared with si-NC group, while NLRP3 overexpression significantly increased the viabilities of human glioma cell lines compared with the pIRES2-EGFP control groups in a time-dependent manner ([Fig. 3B](#f3-ijo-53-03-0973){ref-type="fig"}). Furthermore, similar effects on cell proliferation were confirmed using an EdU assay. The ratio of EdU-positive cells to total cell nuclei was used to determine the cell proliferation rate. The results revealed that the cell proliferation rate in the si-NLRP3 group was significantly reduced compared with the scramble si-NC group ([Fig. 3C](#f3-ijo-53-03-0973){ref-type="fig"}). Furthermore, pIRES2-EGFP-NLRP3 transfection significantly increased the cell proliferation rate compared with pIRES2-EGFP group in SHG44 and A172 glioma cells ([Fig. 3C](#f3-ijo-53-03-0973){ref-type="fig"}).

Inhibitory effects of NLRP3 on glioma cell apoptosis
----------------------------------------------------

To further investigate the effect of NLRP3 on the cell apoptosis, Annexin V-APC and 7-AAD staining of human glioma cells was performed, and the apoptosis rate of each group was measured by flow cytometry after 48 h of transfection. Downregulation of NLRP3 by si-NLRP3 significantly induced apoptosis of SHG44 and A172glioma cell lines compared with the si-NC group ([Fig. 4](#f4-ijo-53-03-0973){ref-type="fig"}). Following overexpression of NLRP3, the apoptosis rates of pIRES2-EGFP-NLRP3 groups were significantly reduced compared with that of the pIRES2-EGFPgroupsin SHG44 and A172 glioma cells ([Fig. 4](#f4-ijo-53-03-0973){ref-type="fig"}).

NLRP3 promotes glioma cell migration and invasion
-------------------------------------------------

To explore the effect of NLRP3 on glioma cell migration and invasion, wound healing assays, and Transwell migration and invasion assays were performed. The wound healing assays demonstrated that the migratory ability of glioma cells was significantly suppressed following transfection of si-NLRP3 and pIRES2-EGFP-NLRP3 significantly accelerated the wound closure compared with the corresponding negative control groups ([Fig. 5A](#f5-ijo-53-03-0973){ref-type="fig"}). In the Transwell migration assays, the number of migrated glioma cells in thesi-NLRP3 group was significantly decreased compared with untransfected group and si-NC groups ([Fig. 5B](#f5-ijo-53-03-0973){ref-type="fig"}). Accordingly, pIRES2-EGFP-NLRP3 transfection significantly increased cell migratory abilities in SHG44 and A172 glioma cell lines ([Fig. 5B](#f5-ijo-53-03-0973){ref-type="fig"}). The results of the Transwell invasion assays revealed that, compared with the untransfected and si-NC groups, si-NLRP3 significantly reduced the number of glioma cells that invaded through the Matrigel-coated membrane at 48 h, whereas pIRES2-EGFP-NLRP3 significantly promoted the invasiveness of glioma cells ([Fig. 5C](#f5-ijo-53-03-0973){ref-type="fig"}).

Regulatory effects of NLRP3 on intracellular inflammasome activation, EMT and the AKT pathway in glioma cells
-------------------------------------------------------------------------------------------------------------

Western blot analysis was performed on molecules of the NLRP3 inflammasome complex, ASC, pro-caspase-1 and pro-IL-1β, and molecules that indicate inflammasome activation, cleaved-caspase-1 (p20) and mature IL-1β (17 kDa) in SHG44 and A172 glioma cell lines. The protein bands of pro-caspase-1 and cleaved-caspase-1 (p20) were visualized using the same primary antibodies against caspase-1 at 50 and 25 kDa, respectively. Similarly, pro-IL-1β and mature IL-1β were visualized using the same primary antibodies against IL-1β at 35 and 17 kDa, respectively. Compared with the untransfected and si-NC groups, si-NLRP3 transfection significantly decreased the protein expression of all molecules of the NLRP3 inflammasome complex, and cleaved-caspase-1 and mature IL-1β. Furthermore, NLRP3 overexpression significantly increased the expression levels of all 6 inflammasome complex-associated markers compared with the untransfected and pIRES2-EGFP negative control groups ([Fig. 6](#f6-ijo-53-03-0973){ref-type="fig"}).

As indicated by the aforementioned results, NLRP3 demonstrated an intimate association with tumor malignances involving apoptosis, proliferation, migration and invasion in human glioma cells. EMT is widely regarded as a major contributor to increased tumor metastasis, resulting in a higher capacity of cellular migration and invasion ([@b19-ijo-53-03-0973],[@b20-ijo-53-03-0973]). Furthermore, cellular junctions serve an essential role in structural connection, which may be involved in cancer metastasis ([@b21-ijo-53-03-0973]). The major components of tight junctions include ZO-1) and claudin-1. To further explore the facilitative effect of NLRP3 on the migration and invasion of glioma cells, western blot analysis assays were performed on molecules associated with EMT and cellular tight junctions. The results revealed that si-NLRP3 significantly downregulated the expression levels of mesenchymal proteins (N-cadherin and vimentin) and EMT-associated transcription factor Snail-1, while it upregulated the expression of epithelial markers and cellular tight junctions proteins (E-cadherin, ZO-1 and claudin-1) compared with the untransfected and si-NC groups. Compared with the untransfected and control vector groups, the pIRES2-EGFP-NLRP3 group significantly reduced E-cadherin, ZO-1 and claudin-1 protein expression, and increased the expression of N-cadherin, vimentin and snail-1 ([Fig. 7](#f7-ijo-53-03-0973){ref-type="fig"}).

The AKT signaling pathway has been associated with the development of glioma malignances via its inhibitory effect on apoptosis, as well as its promoter roles on proliferation, migration and invasion ([@b22-ijo-53-03-0973],[@b23-ijo-53-03-0973]). As indicated in [Fig. 8](#f8-ijo-53-03-0973){ref-type="fig"}, p-AKT (Ser473), p-AKT (Thr308) and p-GSK3β (Ser9) expression levels were significantly reduced in the si-NLRP3 group, and significantly increased in NLRP3-overexpressing glioma cells compared with untransfected groups and negative control groups. Notably, no marked differences in total AKT and GSK3β protein levels were noted in the knockdown and overexpression experiments. Furthermore, the si-NLRP3 groups reduced p-PTEN levels, while overexpression of NLRP3 significantly attenuated the phosphorylation of PTEN with no marked differences observed on total PTEN protein expression in glioma cell lines ([Fig. 8](#f8-ijo-53-03-0973){ref-type="fig"}).

Discussion
==========

The expression and function of the NLRP3 has been previously investigated in inflammatory and autoimmune diseases ([@b6-ijo-53-03-0973],[@b7-ijo-53-03-0973]). Notably, there is an increasing amount of evidence indicating an important role of NLRP3 in the carcinogenesis of various tumors; however, the results appear to be inconsistent among different types of cancer ([@b10-ijo-53-03-0973]--[@b12-ijo-53-03-0973],[@b15-ijo-53-03-0973],[@b24-ijo-53-03-0973]--[@b26-ijo-53-03-0973]). NLRP3 tissue expression and its function in glioma remain unclear.

In the present study, upregulated protein expression of NLRP3, ASC, caspase-1 and IL-1β in human glioma tissue was significantly associated with higher WHO grades as confirmed using immunohistochemical assays. These results provided a foundation for further NLRP3 functional studies and suggesting a promising role for NLRP3 in glioma progression. Furthermore, western blot assays demonstrated that NLRP3 significantly affected the expression of other constructive molecules of the inflammasome complex, including ASC, caspase-1 and pro-IL-1β, as well as inflammasome-activated status markers, cleaved-caspase1 and mature IL-1β. These finding implied that the overexpression of NLRP3 in human glioma may elevate the expression of other inflammasome complex proteins and the cellular inflammasome-activated status. Subsequently, the *in vitro* biological function experiments and western blot assays identified that NLRP3 participated in the regulation of glioma cellular proliferation, apoptosis, migration, invasion, EMT and the PTEN/AKT signaling pathway.

A previous study reported that the assembly and activation of the NLRP3 inflammasome complex, constructed of NLRP3, ASC, caspase-1 and pro-IL-1β proteins, functions as a negative regulator in the carcinogenesis of colitis-associated cancer ([@b27-ijo-53-03-0973]). In hepatocellular carcinoma (HCC), the NLRP3 inflammasome complex was identified to be downregulated and its upregulation induced by the 17β-estradiol/estrogen receptor β/mitogen-activated protein kinase signaling pathway attributes to inhibition of HCC cell malignancy ([@b14-ijo-53-03-0973],[@b24-ijo-53-03-0973]). However, Wang *et al* ([@b17-ijo-53-03-0973]) reported that NLRP3 expression, but not inflammasome activation, is required for the EMT process in colorectal cancer cells through regulation of Snail-1. It was also suggested that NLRP3 contributes to renal fibrosis by promoting transforming growth factor-β signaling and R-Smad activation, independent of inflammasome activation and cleaved-caspase-1 production in renal tubular epithelial cells ([@b16-ijo-53-03-0973]). In lung cancer, NLRP3 mediates the release of IL-1β and IL-18 through a caspase-1-dependent or independent pathway ([@b28-ijo-53-03-0973]). NLRP3 also enhances the proliferation and migration of A549 cells, the activation of phosphorylation of AKT and the expression of Snail-1, while downregulating the expression of E-cadherin ([@b28-ijo-53-03-0973]). The contradiction in the aforementioned studies suggests that NLRP3 may affect tumorigenesis and progression independent of its involvement in the inflammasome complex.

As one of the most important effectors of the NLRP3 inflammasome upon activation, IL-1β is an essential cytokine in the glioma inflammatory microenvironment ([@b29-ijo-53-03-0973]), and considered a potent enhancer of glioma proliferation and metastasis ([@b30-ijo-53-03-0973]--[@b32-ijo-53-03-0973]). Tarassishin *et al* ([@b33-ijo-53-03-0973]) reported that human glioma cells produce IL-1β upon highly sensitive NLRP3 inflammasome activation; however, in human normal astrocytes, NLRP3 inflammasome activation and mature IL-1β protein production are suppressed almost entirely, indicating that the ability of glioma cells to activate the NLRP3 inflammasome and produce IL-1β may lead to the development of an aggressively oncogenetic phenotype ([@b33-ijo-53-03-0973]).

Numerous signaling pathways are involved in regulating the malignant anti-apoptotic and proliferative characteristics of glioma, of these molecular mechanisms the AKT signaling pathway is particularly important ([@b34-ijo-53-03-0973]--[@b36-ijo-53-03-0973]). The mutation/deletion of the tumor suppressor PTEN is an inhibitive regulator of the AKT signaling pathway ([@b37-ijo-53-03-0973],[@b38-ijo-53-03-0973]). Furthermore, EMT is considered one of the most important processes that contribute to glioma progression and metastasis ([@b19-ijo-53-03-0973],[@b20-ijo-53-03-0973]). Consistent with the aforementioned studies, the observations in the present study identified that NLRP3 functioned as a promoter of glioma cell migration and invasion by increasing Snail-1 expression, subsequently inducing EMT. Additionally, NLRP3 alleviated cellular apoptosis, promoted cell proliferation upon activation of the AKT signaling pathway and resulted in a reduction in PTEN phosphorylation.

A previous study suggested that the induction of p-PTEN induces a loss of PTEN activity, resulting in the activation of the AKT signaling pathway ([@b39-ijo-53-03-0973]). Mizushina *et al* ([@b40-ijo-53-03-0973]) demonstrated that NLRP3^−/−^ mice exhibited diminished signal transducer and activator of transcription 3 (STAT3) expression in an inflammasome-independent way. STAT3 is a transcription factor that regulates various genes, including polo like kinase 1 (PLK1), a phosphatase of PTEN that leads to its inactivation and blockade of AKT signaling pathway ([@b41-ijo-53-03-0973],[@b42-ijo-53-03-0973]). In addition, the upregulation of STAT3 enhances Snail expression ([@b43-ijo-53-03-0973]), and increased Snail-1 expression was observed in the NLRP3 overexpression model used in the present study. Thus, we hypothesized that the NLRP3/STAT3/PLK1 signaling axis is involved in the regulation of NLRP3 on the PTEN/AKT signaling pathway. In parallel, reduced Smad2 phosphorylation combined with less Smad2/3 translocation have been reported in NLRP3-deficient B6lpr mice ([@b44-ijo-53-03-0973]). Furthermore, reduced Smad2/3 phosphorylation results in decreased binding with Smad4 and impaired translocation of the Smad2/3/4 complex into the nucleus ([@b45-ijo-53-03-0973],[@b46-ijo-53-03-0973]). The Smad complex has been confirmed as a direct binding site-targeted PTEN genetic promoter, which subsequently regulates PTEN transcription ([@b45-ijo-53-03-0973],[@b46-ijo-53-03-0973]). There appears to be multiple pathways and complex crosstalk connecting NLRP3 to PTEN/AKT. The results of the present study indicate that NLRP3 regulates glioma malignancy through enhanced inflammasome activation, and undefined inflammasome-independent mechanisms that target EMT and the AKT signaling pathway by inducing PTEN phosphorylation. The in depth regulatory mechanism between NLRP3 and PTEN remains to be explored, and will be the focus of our future investigations.

To the best of our knowledge, this is the first study to investigate the association between NLRP3 protein expression and the WHO grades of human glioma. The findings of the present study suggest that NLRP3 may function as a tumor promoter, and that the aberrant activation of the AKT signaling pathway and EMT process caused by NLRP3 upregulation may provide a novel insight into the underlying mechanism of NLRP3 in glioma malignancy.
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![NLRP3, ASC, caspase-1 and IL-1β tissue expression in low-grade glioma (WHO I and II) and high-grade glioma was analyzed by immunohisto-chemical staining. (A) Representative images are shown at magnification, ×100. (B) Statistical analyses were performed to determine whether the expression levels of NLRP3, ASC, caspase-1 and IL-1β in human glioma tissue correlated with histological grades. NLRP3, NLR family pyrin domain containing 3; ASC, apoptosis-associated speck-like protein containing a caspase-recruitment domain; IL, interleukin.](IJO-53-03-0973-g00){#f1-ijo-53-03-0973}

![Identification of the efficiency of NLRP3 downregulation and overexpression in glioma cell lines, SHG44 and A172. (A) The transfection efficiency of plasmid vector was indicated using bright field and GFP (magnification, ×100); (B) Western blot analysis detected the downregulation and overexpression efficiency of NLRP3 at protein levels. The intensity of protein bands was measured and the values are presented as the mean ± standard deviation (n=3). ^\*^P\<0.05 and ^\*\*\*^P\<0.001. NLRP3, NLR family pyrin domain containing 3; GFP, green fluorescent protein; NC, negative control; EGFP, enhanced green fluorescent protein.](IJO-53-03-0973-g01){#f2-ijo-53-03-0973}

![Facilitative effect of NLRP3 on the proliferation of SHG44 and A172 glioma cells. (A) The effect of NLRP3 on glioma cell viability was assessed using a colony formation assay. (B) A Cell Counting Kit-8 assay was used to measure cell viability in untransfected and transfected glioma cells. (C) An EdU assay was used to evaluate the proliferation rate of glioma cells. Representative images are shown at magnification, ×100 (A) and ×200 (C). Values are presented as the mean ± standard deviation (n=3). ^\*^P\<0.05 and ^\*\*^P\<0.01. NLRP3, NLR family pyrin domain containing 3; EdU, 5-ethynyl-2′-deoxyuridine; NC, negative control; EGFP, enhanced green fluorescent protein; OD, optical density.](IJO-53-03-0973-g02){#f3-ijo-53-03-0973}

![Effect of NLRP3 on SHG44 and A172 glioma cell apoptosis. The apoptotic glioma cells labeled with Annexin V-APC and 7-AAD were detected by flow cytometry. Values of apoptosis rate were expressed as the mean ± standard deviation (n=3). ^\*\*^P\<0.01 and^\*\*\*^P\<0.001. A representative apoptosis plot from three experiments performed is shown. NLRP3, NLR family pyrin domain containing 3; APC, allophycocyanin; 7-AAD, 7-Aminoactinomycin D; NC, negative control; EGFP, enhanced green fluorescent protein.](IJO-53-03-0973-g03){#f4-ijo-53-03-0973}

![Effect of NLRP3 on promoting migration and invasion in SHG44 and A172 human glioma cells. (A) The effect of NLRP3 on glioma cells migratory ability was assessed using wound healing assays. The rate of wound closure was monitored by measuring the ratio of the distance of the wound at 0 and 24 h. (B) The effect of NLRP3 on glioma cells migratory ability was detected using Transwell migration assays. (C) The effects of NLRP3 on glioma cellular invasion ability were detected using Transwell invasion assays. Representative images of wound healing, Transwell migration and invasion assays from three independent experiments are presented. Values are expressed as the mean ± standard deviation (n=3). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001. NLRP3, NLR family pyrin domain containing 3; NC, negative control; EGFP, enhanced green fluorescent protein.](IJO-53-03-0973-g04){#f5-ijo-53-03-0973}

![Regulatory effects of NLRP3 on intracellular inflammasome activation in glioma cells. (A) The effect of NLRP3 on altering the expression of molecules involved in the construction of inflammasome complex and its activation. The expression levels of ASC, caspase-1, pro-IL-1β and the molecules that indicate inflammasome activation, including cleaved-caspase-1 (p20) and mature IL-1β (17 kDa) were assessed by western blot analysis. (B) The intensity of protein bands was measured and the values as the mean ± standard deviation (n=3). ^\*^P\<0.05. NLRP3, NLR family pyrin domain containing 3; ASC, apoptosis-associated speck-like protein containing a caspase-recruitment domain; IL, interleukin; NC, negative control; EGFP, enhanced green fluorescent protein.](IJO-53-03-0973-g05){#f6-ijo-53-03-0973}

![Regulatory effects of NLRP3 on molecules involved in EMT in glioma cells. (A) The changes in EMT-associated proteins or transcriptional factors include E-cadherin, N-cadherin, vimentin, claudin-1, ZO-1 and snail-1 in glioma cell lines SHG44 and A172 were assessed by western blot analysis. (B) The intensity of protein bands was measured and the values are presented as the mean ± standard deviation (n=3). ^\*^P\<0.05. NLRP3, NLR family pyrin domain containing 3; NC, negative control; EGFP, enhanced green fluorescent protein; EMT, epithelial-mesenchymal transition; ZO-1, zonulaoccluden-1.](IJO-53-03-0973-g06){#f7-ijo-53-03-0973}

![Regulatory effects of NLRP3 on the PTEN/AKT signaling pathway in glioma cells. (A) Western blotting was used to determine the level of proteins associated with PTEN/AKT signaling pathway, including total AKT, p-AKT (Ser473), p-AKT (Thr308), GSK3β, p-GSK3β (Ser9), and its regulators p-PTEN (Ser380) and total PTEN. (B) The intensity of protein bands was measured and the values are presented as the mean ± standard deviation (n=3). ^\*^P\<0.05. NLRP3, NLR family pyrin domain containing 3; NC, negative control; EGFP, enhanced green fluorescent protein; AKT serine/threonine kinase; GSK3β, glycogen synthase kinase-3β; PTEN, phosphatase and tensin homolog.](IJO-53-03-0973-g07){#f8-ijo-53-03-0973}
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